Multi-layered thin films exhibiting electrochromism have been developed using sequential coating processes with water-dispersible nanoparticles of metal (Fe, Ni) hexacyanoferrates. To fabricate the multi-layered films, a simple method is developed to avoid re-dispersion of the water-dispersible film using a dip-washing process in aqueous solutions of metallic salt. On the one hand, the thickness of the multi-coated film of the nanoparticles of iron hexacyanoferrate (FeHCF: Prussian blue) is estimated to be 100 nm, 190 nm, 300 nm, and 420 nm for single, double, triple, and quadruple layers, respectively, and the optical absorbance of the multi-coated film shows dense color proportional to the number of coatings. On the other hand, the double-layered film composed of FeHCF and nickel hexacyanoferrate (NiHCF) layers of thicknesses estimated to be 110 nm and 840 nm, respectively, shows electrochromism among green, blue, and colorless, where green is the blend of the colors of FeHCF and NiHCF.
INTRODUCTION
Electrochromism (EC) , the color change of materials via electrochemical redox control, is expected to be applied to energy-conserving devices, e.g., low-energy-consuming reflective displays such as electronic papers, and color-switchable windows for improving air-conditioning efficiency of building or vehicles [4] .
Among various EC materials, Prussian-blue-type complexes are fascinating because of their stable responses and variety of colors shown [1, 2, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] 6 ] y below V red =+0.5 V ( vs. SCE). We have developed nanoparticles of various Prussian-blue-type complexes [37, 49, 50] , using a simple, efficient, and low-cost procedure suitable for mass production; it provides dense -inks‖ of nanoparticles of > 0.1 g/mL, available for conventional coating liquid processes such as spin coating. In particular, water-dispersible nanoparticles provide additional advantages as they are environmentally friendly, inexpensive, and compatible with non-aqueous electrolyte solutions [31, 38] .
In this paper, we report a new method to fabricate multilayered EC films of the nanoparticles of Prussian-blue-type complexes in order to achieve various colors in electrochromism. The multilayered EC films are fabricated using sequential coating, prior to which each layer undergoes a non-elution process. A -non-eluting‖ film is defined as a film that is non-dispersible when dipped into water. Without the non-elution process, sequential coating is impossible because the layer of the waterdispersible nanoparticles dissolves in the water-based dispersion liquid of the subsequent coating process.
We have already reported that dipping a thin film into a solution of transition metal salts renders the water-dispersible copper-substituted FeHCF analogues film non-eluting [51] . In this paper, we reveal that this method is applicable to the fabrication of multi-layered thin films. Non-elution occurs with the decrease of polarity of the surface of nanoparticles owing to the coordination of the transition metal cations. The surface of the water-dispersible FeHCF (w-FeHCF) and the waterdispersible NiHCF (w-NiHCF) nanoparticles is negatively charged owing to their structure-core nanocrystals (M[Fe(CN) 6 [49] . The polarity from the surface is negative, and helps the dispersion of the nanoparticle into polar solvents such as water. Adding cations into the nanoparticle ink would produce bondings with the hexacyanoferrate anions on the surface of nanoparticles, resulting in the cancellation of the surface charge of the nanoparticles. Cross-linking by the coordinating cations between hexacyanoferrate anions on the adjacent nanoparticles is also expected.
EXPERIMENTAL
The synthesis method of the w-FeHCF nanoparticles has already been reported in previous reports [31, 49] . FeHCF nanocrystals, which are the core of the nanoparticles, were synthesized as the reaction product of (a) Fe(NO 3 ) 3 The Prussian-blue-type crystal structure of the nanoparticles was confirmed using powder Xray diffraction patterns. The mean number diameter of the nanoparticles, observed using dynamic light-scattering measurements (Nanotrac UPA-EX150; Microtrac Inc.), was 26.7 nm and 40.4 nm for w-FeHCF and w-NiHCF, respectively. The nanoparticle thin films were deposited on an indium tin oxide (ITO) substrate with a dispersion liquid of concentration 0.1 g/mL using the spin-coating method.
Before coating the second layer over the first nanoparticle thin film, the latter underwent nonelution in which the pre-fabricated film was quickly dipped into an aqueous solution of 0.1 mol/L FeCl 3 and rinsed with water for 20 s. It was also confirmed that aqueous solutions of several transition metals, e.g., Fe(NO 3 ) 3 , FeCl 2 , NiCl 2 , and Ni(NO 3 ) 2 , can be used for the non-elution of both w-FeHCF and w-NiHCF nanoparticles. Notably, the yellow w-NiHCF film dipped into FeCl 2 solution exhibited green color, which is the combination of the original yellow color of NiHCF and additional blue color of single FeHCF molecular layer caused by the coordinated iron cation and the hexacyanoferrate anion at the w-NiHCF surface [52] .
Two films were prepared via non-elution: a thick film with sequential coatings of w-FeHCF nanoparticles ink, and a double-layered film with w-NiHCF and w-FeHCF nanoparticles ink. To investigate the films, a UV-Vis spectrometer (UV-USB4000; Ocean Optics Inc.) was used for optical measurement, a stylus-type surface profilometer (Alpha-step IQ; KLA Tencor Corp.) was used for thickness evaluation, and a field-emission scanning electron microscope (FE-SEM: S-4800, Hitachi High-Technologies) was used for cross-section analyses. A potentiostat (ALS-711B; BAS Inc.) was used for electrochemical investigations, with platinum wire as the counter electrode, SCE as the reference electrode, and 0.1M KPF 6 /propylene carbonate solution as the electrolyte. All values of the potentials in this paper are indicated versus SCE. 
RESULTS AND DISCUSSION
The multilayered coating of the FeHCF nanoparticles in Fig. 1 shows optical absorbance proportional to the number of layers, and the measured film thickness is estimated to be 100 nm, 190 nm, 300 nm, and 420 nm for single, double, triple, and quadruple layers, respectively. These results indicate that each layer has almost the same thickness and exhibits the same optical properties. Note that the absorbance of the -non-eluted‖ film at 700 nm after dipping is slightly larger than that of the fresh film. This is also caused by the coordination of the iron cations onto the surface of nanoparticles. In the electrochemical measurement, the thick film obtained with quadruple coatings becomes colorless at −0.5 V, and returns to blue at +0.8 V, which is the same response as a single-coated film [31] . The quadruple-coated film shows color change even after 100 cycles of potential switch between −0.5 V for 30 s and +0.8 V for 30 s.
The NiHCF/FeHCF double-layered film is fabricated using sequential coatings of the wNiHCF film on the w-FeHCF film. The double-layered structure can be observed in the cross-section analysis using FE-SEM as shown in Fig. 2 . From this SEM image, the thickness of FeHCF and NiHCF layers is estimated to be 110 nm and 840 nm, respectively. The thickness of each layer is designed so that the multi-layered film shows green color, which is the mixture of blue color shown by w-FeHCF and yellow color shown by w-NiHCF. Figure 3 Finally, our films and their electrochromic performance are compared with the results of the previous studies. A few studies fabricated multi-layered films with metal hexacyanoferrate (MHCF). [21, 22, 24, 46, 53] . The multi-layered films in these reports were prepared via two kinds of fabrication methods. One is the layer-by-layer method with alternate deposition of layers of MHCF nanoparticles and other materials. The other is the synthesis of MHCF on a substrate via the sequential dipping of metal cations and hexacyanoferrate anion. The advantage of our approach in comparison with these methods is that a pure MHCF film can be prepared with fewer processes without using other materials. Both previous methods require repeated processes for the preparation of a thicker film for denser coloration. In contrast, as shown in Fig. 2 , film with a large thickness of 1 m can be easily fabricated using our method.
In addition, our method would be helpful for other application of MHCF films such as battery electrodes [54, 55] , sensors [56, 57] , and adsorbents for gaseous molecules [58] and ions [59] .
CONCLUSION
The multilayered films of water-dispersible nanoparticles of metal hexacyanoferrates fabricated using sequential coatings exhibited electrochromism, which can be understood as the combination of the individual films. An effective new method involving dipping the film into a solution of metallic salts was used to prepare the multilayered films. As nanoparticles of various FeHCF analogues have been developed [30, 60, 61] , this method is promising for the fabrication of multilayered films exhibiting electrochromism with various colors.
